1. Introduction {#s0005}
===============

Starch is widely used in various industries, however, the application of starch is severely limited by its native defects and properties such as poor solubility, poor heat resistance and so on ([@b0160]). So it is necessary to modify starch to improve its quality and expand its application range. OSA-modified starch is a kind of esterified starch with excellent amphiphilic character and interfacial properties ([@b0010]). It is a good emulsifying stabilizer and thickener, which is widely used in many food, cosmetics and pharmaceutical products. For example, [@b0015] prepared modified potato starch derivatives suitable for the encapsulation of essential oils by hydroxypropylation with propylene oxide and esterification with OSA. [@b0045] used OSA-modified starch to encapsulate or entrap coenzyme Q10 (CoQ10) and characterise the product. The results showed that the current CoQ10 formulation was ideal not only for adding nutritional value to common beverages and fruit juices, but may also find use in raising CoQ10 levels in baked goods. Many studies on esterification of starch have shown that OSA-modified starch with low degree of substitution (DS) (0.010--0.045) is commonly used in food industry ([@b0085]). Nevertheless, the quality of OSA-modified starch prepared by conventional methods is poor. Thus, how to prepare high quality of OSA-modified starch has become a hot research topic.

In recent years, ultrasonic modification being as an eco-friendly and high efficient method, is widely used in the production of modified starch and attains more attentions ([@b0065]). [@b0130] prepared corn modified starch by ultrasonic treatment, and found the resistant starch content increased from 2.1% to 4.0% and the rapidly digestible starch fraction showed an increase from 42.9% to 60.0%. [@b0030] successfully disintegrated starch granules into nanoparticles by high-power ultrasonic treatment. [@b0005] have shown that ultrasonic treatment significantly improved the biocomposite properties of nanofiber fractions. The influence mechanism is attributed to the cavitation effect of ultrasound on materials ([@b0200]). Ultrasonic cavitation is a series of dynamic processes of bubbles in the liquid when they are exposed to ultrasonic field, and it can produce three kinds of mechanical forces, including local ultra-high pressure, high speed jet and high frequency vibration ([@b0125]). Ultrasound is an effective treatment method, and the influence mechanism is expected to be explained using mechanochemical theory.

Mechanochemistry is the process of converting the energy of mechanical force into chemical energy ([@b0170]). The process of mechanical force is usually divided into three stages which are the stress stage, aggregation stage and agglomeration stage ([@b0080], [@b0150]). Mechanochemistry has become one of the most active research fields. So far, researches on mechanochemistry mainly focused on the synthesis of crystalline materials. For example, [@b0120] identified the molecular level details of important mechanochemical pre-reaction steps in the solvent-free synthesis of crystalline ZSM-5. Taking recent background into consideration, starch is a renewable and important polycrystalline material for many products, but there are few researches on the mechanochemical effect about it.

If ultrasound could produce significant mechanochemical effect on starch granules, the structure and properties of starch would change greatly. Thereby the influence mechanism of preparing high quality of OSA-modified starch with low DS by ultrasonic-assisted treatment could be revealed. Thus, in this study, ultrasonic modified starch and OSA-modified starch with low DS were prepared under ultrasonic conditions, using corn starch as raw material. The effect of ultrasound on the structure and properties of native corn starch were studied to see whether ultrasound could produce mechanochemical effect on starch granules. Then the influence mechanism of ultrasound on the quality of OSA-modified starch was analyzed by mechanochemical effect.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Corn starch was purchased from Shandong Zhucheng Xingmao Corn Development Co., Ltd. (Zhucheng City, Shandong Province, China). 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) and sodium cyanoborohydride were purchased from Sigma-Aldrich (Shanghai, China). All other chemicals and reagents were of analytical grade.

2.2. Experimental methods {#s0020}
-------------------------

### 2.2.1. Preparation of ultrasonic modified corn starch {#s0025}

100.00 g (dry basis) of corn starch was weighed to prepare a 35% (w/v) starch suspension by adding distilled water. The suspension was stirred evenly and then placed in the ultrasonic processor (FS-600, Shanghai Shengxi Ultrasonic Instrument CO., Ltd, Shanghai City, China). The ultrasonic power was set to 500 W and the temperature was controlled at 35 °C. The suspensions were treated with 0, 5, 15, 30 and 60 min using the probe of ultrasonic processor, respectively. The ultrasound was stopped for 25 min after 5 min of each ultrasonic treatment, and it was continued when the stirring temperature was 35 °C. After ultrasonic treatments, these samples were dried in an oven at 45 °C for 48 h, crushed and obtained through a 100-mesh standard sieve.

### 2.2.2. Preparation of OSA-modified starch with low DS by ultrasonic-assisted treatment {#s0030}

100.00 g (dry basis) of corn starch was weighed to prepare a 35% (w/v) starch suspension by adding distilled water, the pH of suspension was adjusted to 8.0 with 1 M NaOH solution. The time of alkalization was 20 min, and the temperature was controlled at 35 °C. OSA (3.0%, based on dry starch basis) solution (diluted three times with anhydrous ethanol, v/v) was added and the pH was controlled at 8.0. Under the same ultrasonic conditions, the suspensions were also treated for 0, 5, 15, 30 and 60 min using the probe of ultrasonic processor, respectively. The ultrasound was stopped for 25 min after 5 min of each ultrasonic treatment, and it was continued when the stirring temperature was 35 °C. The total reaction time of esterification and ultrasonication was 6 h. After completion of the reaction, the pH of suspension was neutralized to 6.5 with 1 M HCl solution and vacuum-filtered through filter paper. Then each suspension was washed three times with distilled water and once with ethanol solution (95%, v/v) to remove the residual reagents ([@b0040]). Similarly, the samples were dried and crushed. Finally, OSA-modified starch was obtained through a 100-mesh standard sieve.

### 2.2.3. Determination of the structure and properties of ultrasonic modified corn starch {#s0035}

#### 2.2.3.1. X-ray diffraction (XRD) {#s0040}

The crystalline characteristic of sample was obtained using an X-ray diffractometer (D8 ADVANCE, Bruker AXS GMBH, Karlsruhe, Germany) with CuKα X-ray source. The measured step of XRD was 0.02° and the scanning rate was 4°/min. The radiation parameters were set to 40 kV and 100 mA, and the XRD patterns were recorded for an angular range of 5-40° (2θ). The divergence slit width and scattering slit width were 1° and the receiving slit width was 0.16 mm.

#### 2.2.3.2. Scanning electron microscopy (SEM) {#s0045}

The morphology of sample was observed by a scanning electron microscope (QUANTAFEG250, FEI, Portland Oregon, USA) at 2000× magnifications according to the method of [@b0205].

#### 2.2.3.3. Amylose content {#s0050}

Amylose content of sample was determined by dual wavelength spectrophotometry according to the method of [@b0075].

#### 2.2.3.4. Differential scanning calorimetry (DSC) {#s0055}

The thermal properties of sample were determined by a differential scanning calorimeter (200 PC, Netzsch, Germany) according to the method of [@b0145]. 5.00 mg (dry basis) of sample was weighed and mixed with 15 μL distilled water in a aluminum pot, and then all samples were placed at 4 °C for 12 h. The samples were conducted from 20 to 100 °C at a rate of 10 °C/min with an empty pan as reference. Nitrogen was the protective gas and the flow rate was 60 mL/min.

#### 2.2.3.5. Differential thermogravimetric (DTG) {#s0060}

DTG was measured by a thermal gravimetric analyzer (TA-60, Shimadzu, Kyoto, Japan). Dynamic measurements were carried out at the rate of 10 °C/min in the temperature range of 25--500 °C, and under a nitrogen atmosphere with a flow rate of 60 mL/mim.

#### 2.2.3.6. Pasting properties {#s0065}

According to the method of [@b0185], the pasting properties of sample were determined using a Rapid Visco Analyzer (RVA Eritm, Perten, Stockholm, Sweden), and it was run using the Thermocline for Windows software (Version 1.2). 6.00 g (dry basis) of sample and 50.00 g distilled water were mixed evenly in the RVA sample can. The heating and cooling cycles of the program were set as follows: (1) holding at 50 °C for 1 min, (2) heated to 95 °C in 3.8 min, (3) holding at 95 °C for 2.5 min, (4) cooling to 50 °C in 3.8 min, (5) holding at 50 °C for 1.4 min. During the first 10 min of test, the RVA paddle speed was at 960 rpm. Then the speed was 160 rpm.

### 2.2.4. Determination of the quality of OSA-modified starch prepared by ultrasonic-assisted treatment {#s0070}

#### 2.2.4.1. Degree of substitution (DS) and reaction efficiency (RE) {#s0075}

1.50 g (dry basis) of sample was weighed and dispersed in 50 mL ethanol solution (95%, v/v), and magnetic stirred for 10 min. Then 15 mL hydrochloric acid--ethanol solution (2 M) was added and stirred for 30 min. Each suspension was filtered through a glass filter and the residue was washed with ethanol solution (95%, v/v) until no Cl^−^ could be detected (using 0.1 M AgNO~3~ solution). The sample was transfered into a 250 mL triangle bottle and 100 mL distilled water was added, and then the suspension was heated in a boiling water-bath for 30 min with stirring. In the meantime, two drops of phenolphthalein were added into the suspension, and then NaOH standard solution (0.1 M) was dropped into suspension until the suspension became pink. Unmodified starch was used as blank control.

The DS was calculated by the following equation ([@b0040]):$$\mathit{DS} = \frac{0.162 \times \left( {A \times M} \right)/W}{1 - \lbrack 0.210 \times \left( {A \times M} \right)/W\rbrack}$$

In the equation, 0.162 is the molar mass of glucose residues, kg/mol; 0.210 is the molar mass of octenyl succinyl group, kg/mol; A is the titration volume of 0.1 M NaOH standard solution, mL; W is the dry basis mass of OSA-modified starch sample, g; M is the molarity of NaOH standard solution, M.

The RE was calculated by the following equation:$$\mathit{RE} = \frac{C}{D} \times 100{\text{\textbackslash\%}\mspace{6mu}}$$

In the equation, C is the actual DS and D is the theoretical DS. The theoretical DS is calculated by assuming that all of the added OSA reacted with starch to form the ester derivative.

#### 2.2.4.2. Solubility (S) and swelling power (SP) {#s0080}

10.00 g (dry basis) of sample was weighed and dispersed in distilled water to prepare a 2% (w/v) starch suspension. Each suspension was gelatinized at 85 °C for 30 min and then cooled to room temperature. Then the suspension was centrifuged at 3500 r/min for 30 min and the precipitate was weighed to obtain the weight (P) of swollen starch. After the supernatant was decanted, it was dried in an oven at 105 °C until a constant weight (A) was obtained. S and SP of samples were calculated by the following equations ([@b0145]):$$S{(\%)} = \frac{A}{W} \times 100{\text{\textbackslash\%}\mspace{6mu}}$$$$\mathit{SP}{(g/g)} = \frac{P}{W(100 - S)}$$

In the equations, A is the quality of supernatant after drying constant weight, g; W is the dry sample quality, g; P is the quality of sediment after centrifugation, g.

#### 2.2.4.3. Enzymatic resistance {#s0085}

50 mL of distilled water was heated to 60 °C, and 5.00 g of sample was added for stirring. The pH was adjusted to 6.0--7.0, then 30.00 mg of calcium chloride and 25.00 mg of ɑ-amylase (Shanghai Yuanye Biotechnology Co., Ltd, Shanghai, China) were added. Suspension was continue heated to 95 °C and heated for 20 min. After heated, suspension was taken out for filtration, drying and weighing.

#### 2.2.4.4. Freeze-thaw stability {#s0090}

The freeze--thaw stability is generally expressed by the water separating proportion. 1.50 g (dry basis) of sample was weighed and dispersed in distilled water to prepare a 3% (w/v) starch suspension. Each suspension was heated in a boiling water bath for 20 min and stirred continuously to make it gelatinized completely. After cooling to room temperature, the starch paste was put in the refrigerator at −18 °C for 24 h and then taken out. After thawing at room temperature, starch paste was centrifuged at 4500 r/min for 15 min, and the supernatant was discarded. The quality of the supernatant was measured and the water separating proportion was calculated ([@b0140]).$$\text{Water}\,\text{separating}\,\text{proportion}{({\text{\textbackslash\%}\mspace{6mu}})} = \frac{W\text{1} - W\text{2}}{W1} \times 100{\text{\textbackslash\%}\mspace{6mu}}$$

In the equation, W~1~ is the quality of starch paste, g; W~2~ is the quality of sediment, g.

### 2.2.5. Statistical analysis {#s0095}

Statistical analysis was processed with ORIGIN 8.5 (Origin-Lab Inc., Northampton, MA, USA) and SPSS 19.0 (IBM Corporation, Armonk, NY, USA). Data were expressed as means ± standard deviations of at least three independent determinations on each sample.

3. Results and discussion {#s0100}
=========================

3.1. Effect of ultrasound on the structure and properties of native corn starch and its mechanochemical effect {#s0105}
--------------------------------------------------------------------------------------------------------------

### 3.1.1. Effect of ultrasound on crystalline structure of native corn starch {#s0110}

[Fig. 1](#f0005){ref-type="fig"} showed that corn starch had obvious diffraction peaks at 15.3°, 17.1°, 18.3° and 23.1°, which was a typical A-type crystalline structure ([@b0025]). The shape and angular position of the different peaks remained unchanged after ultrasonic treatment, which indicated that ultrasonic treatment was not enough to change the crystalline type of corn starch.Fig. 1XRD patterns of native corn starch treated at different ultrasonic time.

It could be seen from [Fig. 1](#f0005){ref-type="fig"} that the relative crystallinity decreased from 24.63% to 21.75% after ultrasonic treatment for 5 min, which showed that ultrasonic treatment destroyed the structure. After ultrasonic treatment for 15 min, the relative crystallinity increased to 23.12%, which indicated that the internal structure of starch granules became orderly. It was obvious that ultrasonic treatment interrupted the starch molecular chains, which resulted in the rearrangement of starch molecules and promoted the crystallization of sub-microcrystals ([@b0175], [@b0205]). [@b0210] found the structure of starch granules was seriously damaged with the prolongation of treatment time. [@b0070] reported that ultrasonic treatment increased the reactivity of water molecules, which enhanced the diffusion of water molecules into starch granules, especially into the amorphous regions. That was to say, the destruction of starch granules and the diffusion of water molecules led to the fracture of crystalline structure. Thus the relative crystallinity decreased significantly after ultrasonic treatments for 30--60 min.

### 3.1.2. Effect of ultrasound on morphology of native corn starch {#s0115}

SEM images displayed that the shape of native corn starch granules was irregular, the surface was smooth and there was no fragments ([Fig. 2](#f0010){ref-type="fig"}a). The surface of some starch granules became rough and small fragments flaked off after 5 min of ultrasonic treatment. After ultrasonic treatment for 15 min, some obvious bulges and holes were formed on the surface of starch granules ([Fig. 2](#f0010){ref-type="fig"}c). Starch granules were severely deformed after 30--60 min of ultrasonic treatments. The reason was that the ultrasonic energy was trapped by the dispersed granules, which produced high-frequency vibrations and eventually destroyed starch granules ([@b0110]).Fig. 2SEM of native corn starch treated at different ultrasonic time.

### 3.1.3. Effect of ultrasound on amylose content of native corn starch {#s0120}

According to the method of isoabsorptive points, the regression equation was y = 12.739x + 0.0045, and the correlation coefficient of the regression equation was r = 0.9981 ([Fig. 3](#f0015){ref-type="fig"}b), which showed that there was a good linear relationship between amylose concentration and absorbance.Fig. 3Standard curve of amylose and the amylose content of native corn starch treated at different ultrasonic time.

[Fig. 3](#f0015){ref-type="fig"}c showed that the treatment of different ultrasonic time had different effect on the amylose content of samples. The amylose content increased from 23.09% to 26.26% after 5 min of ultrasonic treatment. While the amylose content decreased after 15 min of ultrasonic treatment, which indicated that ultrasound promoted the crystallization of starch granules to a certain extent. Long-term ultrasonic treatment produced intense mechanical force on starch granules, which broke the C---C bond and degraded amylopectin to varying degrees ([@b0070]). Therefore, the amylose content increased significantly after 30--60 min of ultrasonic treatment.

### 3.1.4. Effect of ultrasound on thermal properties of native corn starch {#s0125}

The gelatinization temperature (T~o~, T~p~ and T~c~) reflects the crystalline structure and the degree of crystallization of starch granules. The gelatinization enthalpy (ΔH) represents the energy required for the separation of double helix structure during gelatinization ([@b0135]).

[Table 1](#t0005){ref-type="table"} showed that the gelatinization temperature and ΔH were lower than that of native corn starch after 5 min of ultrasonic treatment, which showed that the degree of crystallization of starch granules decreased and the gelatinization of starch granules required less energy. After ultrasonic treatment for 15 min, the gelatinization temperature and ΔH increased. This was due to the starch granules after treatment had relatively perfect and homogeneous structures in this stage, therefore starch granules needed more energy (high temperature) to break intermolecular bonds in starch molecules. This phenomenon was similar to the previous study ([@b0095]). After 30--60 min of ultrasonic treatments, starch granules were severely deformed and the intensity degree of crystalline structure decreased, thus gelatinization temperature dropped. Besides, some of the double helices presented in the crystalline and non-crystalline regions of starch granules were disrupted, so the energy required for gelatinization was decreased. The result was in consistent with the previous report by [@b0070].Table 1Thermal properties of native corn starch treated at different ultrasonic time.Time (min)To (°C)Tp (°C)Tc (°C)ΔΗ (J/g)066.21 ± 0.21^a^72.25 ± 0.14^a^78.33 ± 0.15^a^12.17 ± 0.20^a^565.76 ± 0.13^b^71.52 ± 0.20^b^77.51 ± 0.23^b^10.78 ± 0.22^c^1565.99 ± 0.22^ab^72.07 ± 0.09^a^77.89 ± 0.17^b^11.22 ± 0.13^b^3064.43 ± 0.18^c^70.96 ± 0.11^c^76.18 ± 0.26^c^10.07 ± 0.30^d^6063.06 ± 0.27^d^69.87 ± 0.14^d^75.07 ± 0.25^d^9.48 ± 0.24^e^[^1][^2]

### 3.1.5. Effect of ultrasound on thermal stability of native corn starch {#s0130}

[Fig. 4](#f0020){ref-type="fig"}a showed that the thermal decomposition of corn starch granules had two stages. In the first stage (T ≤ 150 °C), the mass loss was mainly caused by the evaporation of water in starch granules. In the second stage (250 ≤ T ≤ 400 °C), the mass loss was mainly related to pyrolysis and dissipation of carbohydrate organic compounds ([@b0205]).Fig. 4DTG and RVA of native corn starch treated at different ultrasonic time.

As could be seen from [Fig. 4](#f0020){ref-type="fig"}a, the thermal stability reduced and the decomposition rate increased after ultrasonic treatment for 5 min. While the thermal decomposition rate decreased to the lowest in the two stages after 15 min of ultrasonic treatment, which was ascribed to the increase of crystallinity and thermal stability. A similar phenomenon was also reported that compact structure led to the restriction of movement of the molecular chains and increased the resistance to decomposition ([@b0195]). When ultrasonic treatment time was up to 30--60 min, the crystallinity decreased ([Fig. 1](#f0005){ref-type="fig"}) and starch granules were destroyed seriously ([Fig. 2](#f0010){ref-type="fig"}), so the decomposition rates increased significantly at these stages.

### 3.1.6. Effect of ultrasound on pasting properties of native corn starch {#s0135}

When starch suspension was heated to a certain temperature, starch granules would expand and the hydrogen bonding force between starch granules would be destroyed. Thus starch granules would swell and absorb water during gelatinization, and starch suspension could become viscous.

The high temperature and high pressure environment caused by the mechanical force and cavitation effect of ultrasonic treatment for a long time resulted in the breakage of amylopectin and the degradation of molecular weight ([@b0070]). Thus, the structure of starch granules became loose and the amylose content increased significantly, which was beneficial to the contact and movement of starch molecules ([@b0065]). So the viscosity properties increased. In addition, the viscosity properties decreased after 15 min of ultrasonic treatment ([Fig. 4](#f0020){ref-type="fig"}b). This was due to the increase of crystallinity at this stage, and the order of internal molecular chains enhanced. [@b0130] also found that higher crystallinity of starch granules reduced gelatinization viscosity.

### 3.1.7. Mechanochemical effect of ultrasound on native corn starch {#s0140}

Ultrasonic cavitation could exclude air in starch granules ([@b0105]), which made water enter starch granules through the pores easily. In addition, ultrasonic treatment could produce strong mechanical forces on the interior of starch granules and make starch molecules hydrate. The similar phenomenon was also reported in precious studies ([@b0030], [@b0060], [@b0065]). After ultrasonic treatment for 5 min, a small amount of water entered the starch granules. In a short period of time, ultrasonic mechanical force destroyed amorphous regions and a part of crystalline regions, which made the structure loosen and disorderly arranged the destroyed molecules, and starch granules required less energy for gelatinization. After ultrasonic treatment for 15 min, some irregular starch molecules in crystalline regions were hydrated, and the amplitude of free vibration increased. After a long period of vibration, these molecules rearranged to form a more stable and ordered crystalline structure ([@b0020]). Therefore, the crystallinity increased, the thermal decomposition rate decreased and the organization of double helix structure became better. In addition, the internal molecules of starch granules were rearranged and aggregated at this stage, so some bulges formed on the surfaces. After ultrasonic treatments for 30--60 min, strong mechanical force of ultrasonic cavitation seriously destroyed the morphology and crystalline structure of starch granules ([@b0130]). Thus, the crystallinity and the energy required for gelatinization decreased, and the thermal decomposition rates increased.

According to the theory of mechanochemistry, 5 min of ultrasonic treatment corresponded to the stress stage of starch granules, 15 min and 30--60 min of ultrasonic treatments corresponded to the aggregation stage and the agglomeration stage of starch granules, respectively. From the previous analysis and discussion, it could draw a conclusion that ultrasound produced significant mechanochemical effect on starch granules.

3.2. Effect of ultrasound on the quality of OSA-modified starch with low DS and its influence mechanism {#s0145}
-------------------------------------------------------------------------------------------------------

### 3.2.1. Effect of ultrasound on DS, RE, S and SP of OSA-modified starch {#s0150}

The DS and RE reflected the chemical activity of starch ([@b0180]). As shown in [Table 2](#t0010){ref-type="table"}, although the DS of OSA-modified starch was 0.0134 at 0 min of ultrasound, the S and SP rose slightly compared with native corn starch. Compared with the OSA-modified starch prepared without ultrasonic treatment, the DS, RE, S and SP of OSA-modified starch markedly rose after ultrasonic treatment. These results showed that ultrasonic treatment significantly improved the chemical activity and quality characteristics of OSA-modified starch. However, OSA-modified starch showed poor quality and performance after 15 min of ultrasonic treatment.Table 2Chemical activity and quality of OSA-modified starch prepared at different ultrasonic time.Time (min)DSRE(%)S (%)SP (g/g)Enzyme resistant starch (%)00.0134 ± 0.0006^d^50.01 ± 0.09^d^12.75 ± 0.17^d^ (11.38 ± 0.09^de^)10.64 ± 0.06^e^ (9.82 ± 0.07^d^)20.65 ± 0.10^e^50.0146 ± 0.0008^c^54.50 ± 0.10^c^18.53 ± 0.09^b^ (14.98 ± 0.10^c^)16.78 ± 0.09^c^ (12.56 ± 0.04^c^)27.67 ± 0.05^c^150.0138 ± 0.0003^d^51.51 ± 0.07^d^15.64 ± 0.13^c^ (12.55 ± 0.08^d^)14.27 ± 0.05^d^ (11.58 ± 0.10 ^cd^)25.98 ± 0.09^d^300.0159 ± 0.0005^b^59.35 ± 0.08^b^19.76 ± 0.16^b^ (16.72 ± 0.12^b^)20.61 ± 0.11^b^ (16.53 ± 0.03^b^)34.46 ± 0.03^b^600.0175 ± 0.0003^a^65.32 ± 0.04^a^22.46 ± 0.07^a^ (19.44 ± 0.14^a^)28.69 ± 0.12^a^ (22.79 ± 0.07^a^)42.93 ± 0.08^e^[^3][^4]

### 3.2.2. Effect of ultrasound on enzymatic resistance of OSA-modified starch {#s0155}

Enzyme resistant starch was a kind of starch derivative which could not be hydrolyzed by amylase in human body. [@b0190] found that when people took OSA-modified starch, blood glucose concentration decreased significantly. This phenomenon indicated that OSA-modified starch contained a certain amount of resistant starch, which could promote intestinal digestion and effectively prevent the rise of blood sugar. [@b0055] also found that OSA-modified starch could promote digestion and absorption and reduce the risk of diabetes. As a pretreatment for the preparation of resistant starch, ultrasonic treatment could accelerate the enzymatic hydrolysis. In this experiment, the enzymatic resistance was only regarded as one of the properties of OSA-modified starch. The effect of different ultrasonic treatment time on the enzymatic resistance of OSA-modified starch was studied.

The resistance of starch to enzymatic hydrolysis was mainly related to the change of its crystalline regions. The enzymatic hydrolysis mainly occured in amorphous regions, less crystalline regions and loosely structured regions. It could be seen from [Table 2](#t0010){ref-type="table"} that the content of enzyme resistant starch increased after a certain time of ultrasonic treatment, which was due to the destruction of amorphous regions and less crystalline regions of OSA-modified starch. The content of enzyme resistant starch increased and the ability of enzymatic resistance decreased after 15 min of ultrasonic treatment. This might be due to the increase of crystallinity and the decrease of amylose content in this stage. After a long time of ultrasonic treatment, starch structure was seriously damaged, starch molecules were degraded and amylose content was significantly increased. Generally speaking, amylose was easier to aging than amylopectin, so the content of resistant starch increased. Therefore, the content of enzyme resistant starch were significantly improved after ultrasonic treatment for 30--60 min.

### 3.2.3. Effect of ultrasound on freeze--thaw stability of OSA-modified starch {#s0160}

[Supplementary Fig. S1](#s0185){ref-type="sec"} showed that the more freeze--thaw times, the higher the water separating proportion. The water separating proportion reduced after a short period of ultrasonic treatment, which indicated that the freeze--thaw stability of OSA-modified starch was improved. This was due to the degradation of starch molecules and the increase of amylose content after ultrasonic treatment for a certain period of time. These starch molecules interacted with each other and formed stable structures ([@b0100]). However, after a long time of ultrasonic treatment, a large number of starch molecules were degraded and amylose molecular chains became shorter, so water was easy to precipitate. On the whole, the freeze--thaw stability could be improved by appropriate ultrasonic treatment according to different requirements.

### 3.2.4. Influence mechanism of ultrasound on the quality of OSA-modified starch with low DS {#s0165}

OSA is an oily substance, so it is difficult to contact with starch suspension well. The reaction site is usually limited to the surface of starch granules ([@b0165]). In addition, starch is a kind of polycrystalline polymer with thick shell and compact crystalline structure. Under normal conditions, water and reagents are difficult to enter the starch granules, which results in the uneven distribution of OS groups in starch granules and the low chemical reaction efficiency ([@b0155]).

Ultrasound could produce significant effect on starch granules. On the one hand, ultrasonic cavitation eliminated the air inside starch granules, facilitated the entry of water molecules and reagents into the internal channels, which improved the reaction efficiency ([@b0035], [@b0040]). On the other hand, ultrasound produced remarkable mechanochemical effect on starch granules, which promoted the production of free radicals, increased the free energy of starch molecules, and caused the increase and movement of crystalline dislocations ([@b0070]). The increase of mechanochemical active sites in starch granules were conducive to the homogeneous reaction of OSA and starch molecules. This was consistent with the previous research by [@b0040].

When ultrasound acted on OSA, the high temperature and high pressure environment generated by ultrasonic cavitation could break and disperse OSA droplets floating on the suspension, which was beneficial to contact with starch granules ([@b0040], [@b0115]). Additionally, ultrasonic treatment made OSA droplets smaller and further increased the solubility of droplets in starch suspension. The smaller droplets were easier to enter the starch granules ([@b0090]), so the reaction was not limited to the surface of starch granules, which improved the DS and RE. In general, the quality of OSA-modified starch prepared by ultrasonic-assisted treatment was improved.

When starch granules were in the aggregation stage, due to the aggregation and rearrangement of starch molecules, the structure of starch granules was tight. Thus water was difficult to enter the interior of starch granules, and the amyloses could hardly be dissolved. So the quality of OSA-modified starch decreased. Meanwhile, because of the aggregation effect, some substituent groups of starch chains filled in starch granules could hardly be determined, which might lead to the lower determination results than the actual values ([@b0050]). According to the mechanochemical theory, some OSA entered the granules and were incapable of being determined due to the agglomeration effect of starch granules. Thus when starch granules were in the agglomeration stage, the determination results were also lower than the actual values. Nevertheless, the structure of starch granules was loose at this stage, water molecules were easy to enter the interior of granules, which dissolved more starch molecules, so the quality improved.

4. Conclusions {#s0170}
==============

With the prolongation of ultrasonic treatment time, the structure and properties of corn starch changed constantly. According to these changes, it was concluded that ultrasound produced significant mechanochemical effect on starch granules, and starch granules went through the stress stage, aggregation stage and agglomeration stage in turn. The quality of OSA-modified starch prepared by ultrasonic-assisted treatment was significantly improved in the stress stage and agglomeration stage. This study could provide an effective method for the research of high quality modified starch, and lay a theoretical foundation for expanding the application of ultrasound in various fields.
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[^1]: To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; ΔH, gelatinization enthalpy.

[^2]: There was significant difference between different letters in the same column (P \< 0.05).

[^3]: The values in parentheses are the S and SP of naive corn starch prepared at the same ultrasonic treatment time in absence of an esterification reaction.

[^4]: There was significant difference between different letters in the same column (P \< 0.05).
